Abstract-In this paper the possibility to predict vehicle loss of control using information about the host vehicle's state and the road ahead is investigated. A threat assessment algorithm that predicts loss of control based on assumptions of the dr~ver's future behavior is proposed. The algorithm can be used In an active safety system to motivate e.g. either earlier conventional yaw control interventions or completely autonomous maneuvers in order to keep the vehicle on the road. The algorithm has been experimentally tested and based on measurements~t is~howt hat it is possible to predict powerful understeer sItuatIons If the future geometrical path of the vehicle is known.
I. INTRODUCTION
It is well known that a huge amount of people are killed in traffic, according to e.g. the study presented in [1] approximately 40 000 people are killed and 3 200 000 are injured each year in the US alone. Studies also show that unintentional roadway departures account for the highest share of traffic related fatalities, in e.g. [2] it is stated that in motorized countries about half of all fatal traffic accidents are single vehicle crashes.
During the years the automotive industry has developed active safety systems that aim to prevent or mitigate accidents. One example is the yaw stability control systems that assist the driver in regaining control over the vehicle. Yaw stability control systems have been proven to be very efficient in reducing the amount of fatalities in traffic. In the study presented in [3] , it is stated that these systems reduces the amount of fatal single vehicle crashes by 30-50% for cars and 50-70% for SUVs.
Yet there are limitations with conventional yaw stability systems, loss of control is e.g. detected only once it has already occurred. In a powerful understeer situation however it is beneficial if the loss of control is predicted and attended to earlier. During understeer, a conventional yaw control system typically brakes the inner rear wheel in order to generate additional yaw moment. Such a situation is illustrated in Figure 1 , as can be seen available friction force in such a situation is low at the inner rear wheel since much of the vehicle's weight is redistributed to the outer side. The influence of the brake intervention is thus limited and if the understeer is severe, available brake force is not sufficient to keep the vehicle on the road. If the brake intervention is issued earlier, before available friction is reduced it will have a more significant effect and thus increase the possibility for the vehicle to stay on the road. Illustration of a vehicle's vertical load distribution in a~urve situation. The ellipses represent available friction at each wheel, the sIze of the ellipses depend on the vertical load and the forces produced at the tyres are constrained to lie within the ellipses. In a curve situation, much of the vehicle's weight is redistributed to the outer side. As can be seen available brake force at the inner back wheel is greatly reduced.
Another limitation is that conventional yaw control systems rely on the driver's actions. If the driver does not act properly, due to e.g. panic, the vehicle might still leave the road. According to [4] , it is common that vehicle motion reaches the limit of adhesion between tyre and road due to the panic reactions of the driver. Also in the study presented in [5] it was found that human factors are the definite cause in approximately 70% of all crashes and that drivers were totally non responsible in only 2%.
In this paper the possibility to predict vehicle loss of control using information about the host vehicle's state and the road ahead is investigated. A threat assessment algorithm is proposed that can predict powerful understeer situations. The algorithm does not depend on the driver's skill or behavior and unlike conventional yaw control it enables detection of critical situations regardless of the driver's actions. Predicting the understeer before it occurs enables the possibility to intervene earlier or prepare the actuators for an intervention by the conventional yaw control. Issuing the intervention a little bit earlier might make the difference, so that the vehicle maintains control and stays on the road instead of running off the road in a fatal or severe accident.
The paper is organized as follows: In Section II, the term loss of control is introduced and an explanation is given of behavior. According to, [6] and [7] , the simplified vehicle model that is used to compute the intended, or equivalently the reference trajectory is a single track model according to Figure 2 . In the simplified model the lateral tyre force at each tyre is approximated to be linearly related to the tyre slip angle, a. With this view, one can say that the control system aims at making the car follow the driver's intentions.
IV. PREDICTING LOSS OF CONTROL
In order to address limitations in conventional yaw stability control, an algorithm based on predictions that assess whether the vehicle is about to lose control within a predefined time horizon is proposed. This is done by simulating the vehicle's motion along its future path and evaluating key indicators in order to assess the vehicle's yaw stability.
An indicator that is interesting to evaluate is e.g. the difference between the predicted reference yaw rate and the vehicle's predicted measured yaw rate.
(2)
The reference,~ref is acquired by feeding the steering input, 8 through a single track vehi~le model as described in Section III. The calculation of tt/Jref is reduced in this method compared to the calculation in conventional yaw control. It differs from the calculations presented in [7] in the sense that it is not upper bounded nor is it low pass filtered. The reduction leads to greater values in~~. The predicted measured yaw rate,~in (1) is acquired by simulating the vehicle's motion with a more detailed vehicle model, which is described in Section V.
In Figure 3 , examples of the outcome of such simulations are shown. A large~~is acquired when loss of control is predicted. In the figure, it can be seen that this happens when the vehicle is operated in the no~linear region of the t>,res. By considering the maximum~tt/J of a simulation,~tt/Jmax as an indicator an assessment is made of whether loss of control is imminent. Since the proposed method is based on simulation, the vehicle slip angle, (3 is easily acquired as how it should be interpreted in this paper. Section III gives an introduction to state of the art of yaw control. Further, a novel threat assessment approach is presented in Section IV, the vehicle model used in the algorithm in Section V and the results of an experimental evaluation of the algorithm is given in Section VI. Finally, conclusions are made and a discussion is provided.
II. Loss OF CONTROL
Over and understeer situations are a result of vehicle state, vehicle properties and driver behavior. When the over or understeer becomes large enough, drivers are normally disturbed. As the over or understeer grows and becomes more evident, normal drivers will feel that they are not able to control their vehicle. If the vehicle is equipped with a yaw stability control system it will issue an intervention that assists the drivers and helps them regain control. These situations occur when the vehicle is operated in the region where the tyre forces nonlinear characteristics become evident. Such situations, in which maneuverability of the vehicle is reduced are referred to in this paper as situations where the driver has lost control. This means that in a situation where the vehicle is driven in the nonlinear region of the tyres, the driver is considered to have lost control, even if the driver is skilled and has intentionally provoked the situation.
III. CONVENTIONAL YAW STABILITY CONTROL
Loss of control can be identified by e.g. considering the vehicle slip angle (3. The slip angle is illustrated in Figure 2 and is defined as the angle of the velocity vector in the vehicle's coordinate system. If (3 is large, turning the steering wheel will create little or no yaw moment on the vehicle, see [4] [6] . The possibility to control the vehicle through the steering wheel will then be limited. One of the main tasks of a yaw stability control system is thus to make sure that the slip angle remains low. How low it needs to be depends on available friction, in general it can be said that a higher slip angle can be allowed if much friction is available. Unfortunately it is not possible to measure the slip angle with sensors available in conventional vehicles. Estimation algorithms can be good in special conditions like e.g. during full braking, however in the general case, estimation of the slip angle can be quite uncertain [4] .
Another measure is therefore introduced that considers the vehicle's yaw rate to identify when the driver has lost control and needs assistance [4] [6]. This measure, or the threat assessment and control principle that is based on it can be viewed in different ways. In e.g. [7] the threat assessment is explained as a comparison between the vehicle's actual trajectory and an interpretation of the trajectory that the driver intends to follow. If the difference between the driver's intentions and the vehicle's actual movement becomes too large the system decides to assist the driver in following the intended trajectory. Interpretation of the driver's intentions is done by feeding the driver's input, i.e. steering angle through a simplified vehicle model with the assumption that it corresponds to the driver's perception of a vehicle's 
----:: with notation according to Figure 5 . The estimation difficulties experienced by conventional yaw control is less problematic in this method. A corresponding (3max or D,.{3max is therefore also interesting to consider as an indicator. One problem that arises is however that even if full measurements of the vehicle's state and the geometry of the road would be known, there is still an uncertainty about the driver's future behaviour. In a situation where a vehicle is e.g. approaching a curve in high speed it is difficult for an active safety system to know whether the driver intends to slow down before entering the curve. If the vehicle's future motion is to be simulated, certain assumptions about the driver's future behaviour therefore have to be made. The assumptions made in the proposed method are such that the driver tries to stay on the road without losing control, the driver's behaviour is therefore modeled as follows.
The driver's control inputs are the wheel angle at the front wheels, 8 and applied wheel torque, T. In a conventional vehicle, the driver applies brake torque via a brake pedal, the torque, T is therefore distributed with a fix ratio between the front and the rear wheels.
In alignment with the assumption that the driver tries to avoid losing control, in each simulation brake torque is applied so that the vehicle's speed is reduced. Since the tyres are much easier to stop than the vehicle, applying too much torque in an uncontrolled manner might result in locking the wheels without stoping the vehicle as illustrated in Figure 4 .a and c. In most modern cars this would cause the ABS system to intervene. In order to avoid this, the braking behaviour of the driver is modeled as a PI controller with torque, T as the Fig. 4 . In (a) and (c), a fix brake torque is applied on a vehicle in order to slow it down. Since the wheels are easier to stop than the vehicle, the wheels lock while the vehicle is still moving and the vehicle starts to slide. In (b) and (d) on the other hand, brake torque is applied in a controlled manner. (b) shows that the vehicle's speed is reduced as much as in (a). In (d) it can be seen that this is done without locking the wheels.
control signal and desired longitudinal slip, f\; as reference. The control error is defined as the difference between the reference slip and the slip at the wheel that has least vertical load. This is because the wheel with least vertical load is also the wheel where the absolute value of the longitudinal slip is largest, the longitudinal slip at the other wheels will thus have a lower absolute value. By introducing the PI controller, vehicle speed can be smoothly reduced without locking any of the wheels, this is illustrated in Figure 4 .b and d.
The longitudinal slip reference is chosen so that it is high enough for the velocity to be reduced but not so high that the braking has a too significant impact on the acquired side force when cornering. The choice of longitudinal slip reference is thus the result of a balancing between reducing velocity and maintaining side force. The optimal choice depends on the situation, in this work however, one balanced value has been chosen for all situations.
The steering behaviour of the driver on the other hand is modeled as a PID controller, with front wheel angle, 8 as control signal and the future geometrical path as reference. In the experiment presented in this paper the reference path was predefined. The control error is defined as the distance between the vehicle's center of gravity and the reference.
With the assumptions above, the proposed algorithm is: 1) Initiate simulation with measured state of the vehicle 2) Simulate the vehicle's future motion 3) Calculate indicators 4) Evaluate whether the vehicle is about to lose control 5) Repeat with a fix time interval
The level of detail in the modeled vehicle dynamics needs to be high enough to capture relevant information about the with Y as either longitudinal or lateral tyre force and x as either longitudinal or lateral slip. The formula is based on a curve fitting and B,C,D and E are non dimensional parameters that depend on the vertical load. Using (7), the forces are calculated for pure slip conditions i.e. the interaction of lateral and longitudinal force is neglected. The combined slip effects are therefore taken into account according to with I xO, I yO as the tyre forces under pure slip conditions, G xa , GXK-as weighting functions, SVYK-the f);-induced side force and lx, I y as the tyre forces under combined slip conditions. The influence of the camber angle is not taken into account. A thorough explanation of the magic tyre formula can be found in e.g. [10] .
The vertical load or normal force at each tyre is calculated according to 
(20)
with RSf and R sr as the roll stiffness distribution at the front and rear axles and the rest of the notation according to Figure 5 . The tyre loads are calculated assuming a fix position of the roll axis, a constant roll stiffness distribution and an infinitely stiff chassis. A thorough derivation of the calculation of the tyre loads is provided in [9] . The lateral slip angles are calculated as
(5)
where Jw is the wheel inertia and the rest of the notation is defined in Figure 5 . The forces denoted I are expressed in the tyres coordinate system while they are denoted F when expressed in the vehicle frame. The forces are calculated in the tyres coordinate system and a coordinate transformation is applied when they are expressed in the vehicle frame. The self aligning torque is neglected as is often done, [8] [9] . The magic tyre formula is used to calculate the tyre forces. In its general form the formula can be expressed and finally the longitudinal slip ratios can be expressed Shows the result of the proposed algorithm when applied on measured data. The parameter, AYCmode' which has the value one when the conventional yaw controller issues an intervention and zero otherwise is shown and scaled with a factor ten. It can be seen that the output of the proposed algorithm,~'¢max is increased and has a peak, before the yaw controller decides to intervene and the actual~'¢ gets its peak. The understeer situations are thus well predicted by the algorithm, enabling the possibility to introduce an earlier intervention or at least prepare the brakes so that they are ready when the conventional yaw control system decides to assist.
VI. EXPERIMENTAL RESULTS
As an assessment of the proposed algorithm's possibility to predict loss of control, experimental testing has been conducted on a test track. A vehicle equipped with yaw stability control was driven around a test track by a professional test driver and loss of control (mostly understeer) was provoked in several sections of the track. The vehicle was equipped with a differential gps and a high precision gyro. Measurement data from the equipment was logged together with measurements and other data from standard equipment available in the vehicle. The logged data gives accurate information about the vehicle's position and movement. In addition the data contains information about if and when active systems like the yaw stability control system issues interventions.
The conducted experiment shows promising results. The vehicle was driven around the test track with a quite aggressive driving styIe in order to test how well the algorithm predicts loss of control before it happens. The car was also driven with a normal driving styIe in order to test whether the algorithm would cause any false alarms. In order to get a good assessment, the test driver was not told how the prediction algorithm works and what assumptions it is based on.
In Figure 6 some results are shown. It can be seen that the algorithm predicts understeer situations well before they occur. The value of the indicator,~~max is increased when an understeer is imminent. In addition it can be seen that the value of~~max remains low when no loss of control is in range. In fact all understeer situations was predicted within the prediction horizon and the proposed algorithm didn't give Fig. 7 . Shows results from the same test case as in Figure 6 but for f3max, which is also proposed as an indicator. It can be seen that the output of the proposed algorithm, f3max is also increased before the measured slip angle f3 is increased even if it is not as clear as for~'¢max in Figure 6 .
any false alarms when evaluated on the measured data. Figure 7 shows results for the same test case as in Figure 6 but for (3max. The indicator (3max is also increased when an understeer situation is in range, the increase is however not as clear as for~~max. A corresponding comparison between a~(3max, computed by the proposed algorithm and the~(3 used by the conventional yaw controller could not be made since,~(3 was not available in the logged data.
In two cases the vehicle got into oversteer and the conventional yaw controller intervened. Figure 8 shows results from one of the oversteer situations. It can be seen that the oversteer was not predicted by the proposed method. This is due to several reasons, of which the most simple one is that the method considers~~max, not 1~~lmax. As~ĩ s defined in this paper, it will have a negative value in oversteer. This is however not the only reason and simply using 1~~lmax instead would not solve the problem, the test vehicle is front wheel driven and tuned to understeer in e.g steady state cornering. The oversteer was the vehicle's response to a transient in the driver's input. Figure 8 shows that the driver accelerated into the curve. The driver made a powerful turn, and might even have suddenly released the gas pedal. Since the driver's behaviour in the oversteer situation was too far from the assumptions in the prediction algorithm, it failed to predict the imminent loss of control.
VII. CONCLUSIONS
A predictive approach for identifying imminent loss of control has been proposed. It has also been shown that powerful understeer can be predicted, using relatively simple assumptions about a driver's future behavior if the future geometrical path of the vehicle is known. Oversteer on the other hand is more difficult to predict for the type of vehicle that is considered in this paper i.e. a front wheel driven car tuned to understeer in steady state. Such vehicles are constructed so that oversteer does not happen for natural taking over the vehicle, which can be perceived as intrusive by a driver it is necessary to ensure that the driver has no possibility to manage the situation on his own or at least that the situation is critical. For less severe interventions like preparing the brakes, controlling the vehicle's speed by means of brakes or throttle and even using the brakes to create additional yaw moment the conservativeness is not as critical. The thresholds for when a system based on the proposed method should intervene is of course a parameter that can be subject to tuning in the classical balancing of not failing to predict loss of control when it occurs, while avoiding false alarms. Several thresholds can, however, be defined in which the severity of the interventions issued by such a system is gradually increased.
The friction coefficient, J.L is a very important parameter, especially since the proposed algorithm is envisioned to have the greatest benefit on slippery road. In the experiment presented in this paper, friction was known. In an active safety system however, a friction estimator needs to be available allowing for the friction to be estimated at least at the point where the simulation is started. A sensitivity analysis on how much uncertainty in the friction estimate and other sensor information like the geometry of the road that can be allowed is also part of future work. The test driver could not provoke oversteer without deviating substantially from the assumed driver behavior. Since the driver's behavior is too far from the assumptions in the prediction algorithm it therefore fails to predict the oversteer.
VIII. DISCUSSION & FUTURE WORK
The information from the proposed algorithm can be used in several ways and has great potential. The indicators,~~max, (3max and/or~(3max can be used to issue interventions by a separate yaw stability controller or as a weighted part in the control error of a conventional yaw stability system. Simply having the brakes prepared when the conventional yaw control decides to intervene might save enough time to make the difference between ending up in a severe accident or staying on the road.
In the experiment presented in this paper, the future geometrical path of the vehicle was predefined. In practice however, this is not the case and one could instead assume that the driver tries to follow the middle of the lane. If the lane is not particularly wide this is a good approximation since the possible variations in the vehicle's future path while staying in the lane are small.
For wide roads additional assumptions can be made about the driver's behavior. The driver can be assumed to be skilled and cuts the curves. Alternatively the driver's behavior can be estimated by e.g. exploiting the ideas presented in [11] . A sensitivity analysis on how much variations in the assumed future path influence the predictions is part of future work.
Another approach is to assume an optimal driver. Assuming an optimal driver leads to quite conservative simulations that will predict loss of control only once it has become inevitable with the control possibilities available for the driver. The required degree of conservativeness depends on the type of intervention that is intended. If the algorithm is to be used in order to justify interventions, like completely
